include upregulation of utrophin using a drug (SMT C1100) that delivers a small molecule to increase production of utrophin in pre-clinical studies [6] . The drug is well tolerated and safe and its efficacy is being tested in a Phase 2 clinical trial. Gene replacement therapy is also underway, but problems arise because the DMD gene is too large to be packaged in adeno-associated virus (AAV). Therefore, a mini-/microdystrophin (4-5 kb) with diminished function must replace the full-length cDNA (> 11 kb). We have completed one study delivering minidystrophin in AAV. We found only minimal gene expression and demonstration of a T cell response when we expressed minidystrophin in a deleted region of the patient's DMD gene [7] .
A novel approach to gene correction by genome editing shows great promise for clinical translation, highlighted by recent reports from three separate laboratories in Science [8] [9] [10] . In all three studies, the CRISPR/Cas9 system targeted the point mutation in exon 23 of the mdx mouse that creates a premature stop codon and serves as a representative model of DMD. These studies are important in multiple ways. First, they provide a path, laying the groundwork for clinical translation addressing many of the critical questions that have been raised regarding this system of gene correction. Each of the three studies demonstrated efficacy using a two-vector system of AAV-CRISPR rather than single vectors for both the guide RNA and the Cas9 nuclease. The cDNAs from Staphylococcus aureus Cas9 and Streptococcus pyogenes Cas9 were both effective in these in vivo pre-clinical studies and delivery of vectors using either AAV serotypes, AAV9 or AAV8, performed well. Prior clinical studies using these AAV serotypes have proven safe, further demonstrating the feasibility for human application. There was general agreement between laboratories on restoration of dystrophin-positive fibers. Importantly, functional recovery was demonstrated in CRISPR/Cas9-treated mice, including increased grip strength, improved force generation, resistance against eccentric contraction, and reduced serum creatine kinase (CK). Histologically, there was reversal of muscle necrosis, fewer infiltrating inflammatory cells, and decreased fibrosis. Immune staining showed the restoration of nNOS activity and components of the dystrophin-glycoprotein complex. Of particular interest clinically, dystrophin expression was seen in vascular smooth muscle, an important source of oxygenation during muscle activity. In all three studies, cardiomyocytes demonstrated the restoration of dystrophin. The importance of improving cardiac function cannot be overlooked clinically because dystrophin deficiency in the heart is a common mode of death for the DMD patient [11] .
The studies are also credited with relieving some of the anxiety expressed regarding the CRISPR/Cas9 approach. Genome editing has repeatedly been charged with the concerns of off-target effects. All three studies explored deep sequencing of gRNA target sites with specific attention to the top 10 predicted possibilities. None of the studies showed evidence of off-target gene editing that would be of concern clinically and CRISPR-treated mice showed no npg phenotypic evidence of toxicity.
An important finding emerging from one of the reports, the Wagers' study [10] , was the demonstrated efficiency of editing of Pax7-positive muscle satellite cells. This finding establishes the potential for gene correction of dystrophic myofibers that have been damaged followed by replacement of dystrophin by repopulated satellite cells expressing the missing protein. Over time this will enhance recovery of dystrophic muscle and improve clinical function.
Overall the path to recovery using genome editing with CRISPR/Cas9 delivered by AAV is poised for translation and looks very promising. Once proof of principle is established using CRISPR/ Cas9 editing of humanized mutations in DMD animal models, the path to clinic will move quickly. It has been estimated that CRISPR-mediated removal of one or more exons from the genomic DNA could benefit as many as 80% of DMD patients. Furthermore, gene editing at an early age of intervention would be the ideal scenario, before waves of necrosis lead to muscle fiber loss, replacement of tissue by fat, and fibrosis. We know from newborn screening studies that the disease is present at birth given that serum CK has already reached 10 times normal level. There is also a proven method of early detection validated throughout the State of Ohio in nearly 40 000 male births that will hopefully soon be adopted for a wider application [1] . Merging CRISPR/Cas9 treatment early in life with newborn screening could be one answer to a devastating disease of childhood.
